Objective: The aim was to evaluate the alteration of the deactivation forces of the most commonly used nickel-titanium wires under long-lasting oral cavity environmental influence. Materials and methods: Randomized in vitro and in vivo trials of 540 pieces of orthodontic archwires, NeoSentalloy®, Copper NiTi® 35°C and Titanol Superelastic ® , round (0.016 inch), and rectangular (0.016 × 0.022 inch), were carried out. Randomization and blinding was achieved with 12-colour system that ensured encoding of key information on the tested specimens. Each of 270 patients (females, 18-20 years old, in the finishing stage of orthodontic treatment) received the piece of NiTi wire ligated piggyback, for a period of 4-6 weeks. Eventually, all samples were subjected to a threepoint bending test. Data were statistically analysed at a 5 per cent significance level. Results: In the group of the round used wires, when compared with the new ones, the deactivation force (F dav ) values increased significantly for Titanol Superelastic®; the NeoSentalloy® and Copper NiTi® 35°C wires did not change their values of F dav . In the group of rectangular wires, F dav decreased for Titanol Superelastic®, but increased for NeoSentalloy® wires. The F dav values of the Copper NiTi® 35°C used wires practically did not change, but a remarkable increase of the standard deviation was noted. Limitations: No calculations concerning effectiveness of in vivo aligning of analysed wires were made. Conclusions: For the purpose of a 4-6-week aligning stage, round NeoSentalloy® with a diameter of 0.016 inches seems to be the wire of choice because of the low level of F dav .
Introduction
The therapy with fixed orthodontic appliances utilizes the physical properties of wires to exert force at the bracket slot levels. Despite controversy concerning the periodontal response to mechanical loading (1) (2) (3) (4) (5) , there is evidence that a force value exceeding 20-25 g/cm 2 on the periodontal ligaments (PDL) may lead to inhibition of blood flow, and thus to PDL hyalinization along with necrosis and undermining resorption (6) (7) (8) . Numerous analyses of orthodontic force effects, namely: their influence on the range of tooth movement, have made it possible to establish the characteristics of ideal orthodontic archwires delivering light, continuous force, with a substantial range of activation (9, 10) . As a consequence, nickel-titanium alloys with superelastic properties are inevitably associated with orthodontics nowadays.
Super elasticity is the ability of some nickel-titanium alloys to display no linear load deflection rate. It results from changing their internal crystalline structure from austenite to martensite (martensitic transformation) under mechanical loading. In vitro, such a feature makes possible the long-term application of the force of a continuous value. However, in vivo, the properties of orthodontic wires are determined not only by their composition and structural features, since the environmental factors of the oral cavity may substantially affect the wires' clinical feedback. Those factors are: long-lasting water immersion and electric potential difference, multiple changes of temperature and hydrogen absorption. All of them may influence orthodontic force, increasing the level of critical loading initiating martensitic transformation, and/or decreasing the level of load leading to wire breakage (11) (12) (13) (14) (15) .
In order to investigate the mechanical properties of the archwires, one can perform various types of bending tests. They simulate and measure the activation force (F av ) necessary to insert the wire into the bracket slot in vivo, as well as the deactivation force (F dav ) generated by a wire rebounding to its original shape. A three-point bending test, application of load to a section of the wire propped at both ends, in the middle of the distance between the supports, is easy to perform and interpret (3, 4) .
Therefore, the aim of this study was to evaluate three types of nickel-titanium wires that had undergone long-term oral cavity environmental influence, in terms of changes of deactivation forces measured in the three-point bending test.
Materials and methods

Trial design
Randomized in vitro and in vivo trials of orthodontic archwires: All specimens were randomly appointed to one of two groups: A: exposed to the oral cavity and B (control group): untouched, new ones (Table 1) .
Ethical issue
The study obtained the approval of the Ethical Review Committee No. 496/2006.
Subjects, eligibility criteria, and setting
For the purpose of this study, 270 patients were selected according to the following inclusion criteria: female gender, age 18-20 years, healthy periodontal tissues and healthy oral mucosa, no caries or white spots, no amalgam fillings, no piercings in the oral cavity. All women were in the finishing stage of their treatment with 0.019 × 0.025-inch stainless steel continuous archwires (Forestadent®, Phorzheim, Germany) in the 0.022-inch slots of Sprint® brackets (Forestadent®, Phorzheim, Germany). The patients were subsequently divided into six equal (n = 45) groups ( Figure 1 ).
As the next step, preformed NiTi archwires (the most frequently used in our Department) NeoSentalloy® (Ormco®), Copper NiTi® 35°C (GAC®) and Titanol Superelastic® (Forestadent®), round (0.016 inch), and rectangular (0.016 × 0.022 inch) ones, were chosen. Every brand and size was represented by nine packages of the different, randomly selected lots. Only 5 archwires (out of 10) were picked from each package, making a total of 270 specimens (Table 2) . A length of 30 mm was cut from both ends of the selected wires and randomly appointed to one of two groups: A: exposed to the oral cavity and B (control group): untouched, new ones. At the end, 540 specimens comprised the study material displayed in Table 1 .
Randomization method and blinding
One of the coauthors of presented study (JA) distributed the 540 specimens into 12 jars, coded under 6 colours. Each colour represented the same brand and size. Jars of the same colour contained either material for in vivo evaluation (group A, 45 specimens) or control evaluation (group B, 45 specimens). Subsequently, another clinician (MS) randomly picked one piece of wire for every individual. Thus, each patient received a piece of NiTi wire ligated piggyback, without any bending, in the lateral right quadrant of the maxilla for a period of 4-6 weeks ( Figure 2) ; the colour of the jar was noted in the individual's file.
Eventually, all samples were demounted and put back into the same, appropriately colour-coded jars and transferred to an accredited laboratory of the Faculty of Food Sciences.
After processing, all data were decoded using the key colour.
Test protocol
All specimens were subjected to a three-point bending test on Zwicktype testing equipment ( Figure 3 ). The sampler of the device pressed the wire to a depth of 4 mm, at a velocity of 1 mm/minute. Each rectangular wire was loaded from the wider side (0.022 inch). To ensure proper temperature, warm air of 35°C was blown into the testing room for 30 minutes, then all the tested samples were stored there for 30 minutes. Immediately before deflection, the temperature was measured with an accuracy of 0.5°C. Each sample was bent eight times. The activation and deactivation force values were measured and stored on a disk connected to the testing device. In the load deflection chart, the force values were read for every 0.5 mm of wire deformation. Statistical analyses were performed using Statistica 10.0 software (StatSoft Inc., USA).
The following outcome measures were assessed: Σtotal 540
Primary outcome
• The impact of the oral cavity environment on the F dav of the three types of orthodontic wires in two different cross sections (0.016 and 0.016 × 0.022).
Secondary outcome
• Variation in the response of the orthodontic wires depending on the: • diameter of the wire • vendor • Selection of wires presenting the most stable F dav in the oral cavity environment.
Statistical analysis
The forces with their mean values underwent statistical analysis with Statistica 10.0 software (StatSoft Inc., USA). The Shapiro-Wilk test rejected the assumptions of normality of distribution and homogeneity of variance, so for the purpose of an intergroup comparison, a non-parametric Kruskal-Wallis test with the procedure of multiple comparisons (post hoc test) by Dunn was used. Due to the findings, a significance power analysis was not necessary.
Results
Participant flow
Due to the advanced stage of the therapy, 10 women were excluded from further analysis ( Figure 1 ).
Primary outcome
As for the bending test, the eight readings of each wire were exactly the same, therefore they were averaged prior to statistical analysis.
The results presented in the Tables 3-8 show that the values of the forces delivered by the used wires significantly differed from those exerted by the new ones (Tables 3-8) .
Online Supplementary Figures 4-9 present examples of the hysteresis curves of the tested used and unused wires.
Secondary outcome
In the group of the used round wires (Group 1A), compared to the unused wires (Group 1B), a statistically significant decrease of the deactivation force values increased significantly in the full range of bounding for Titanol Superelastic®. The NeoSentalloy® and Copper NiTi® 35°C wires did not change their values of F dav significantly (Tables 3-5 ).
In the group of rectangular wires (Group 2A), compared to the unused wires (Group 2B), a significant decrease of the F dav occurred in the full range of deflection of Titanol Superelastic®, but increased significantly in the range from −2 mm to −3 mm for the NeoSentalloy® wires (Table 7) . It should be noted that the latter wires, both used and new, did not provide clinically effective F dav values if bent in the range from −0.5 to −2 mm. The properties of the used Copper NiTi® 35°C wires practically did not change in terms of F dav values, when compared to the new wires (Table 8) . Nevertheless, in the 2ACopper group, compared to 2Bcopper, a remarkable increase of F dav for −1 mm of deflection was noted, as well as an increase of the standard deviation of F dav in the range of −3.5 to −2mm of deflection (Online Supplementary Figure 8 ).
Discussion
In order to thoroughly discuss the problem of nickel-titanium archwire behaviour, especially superelastic ones, it is necessary to analyse the socalled optimal forces. Tann et al. (16) demonstrated that initial tooth displacement at the time of force application relates to the elastic properties of the alveolar bone. They found that the force values 150 and 200 g caused a similar stress-strain distribution in PDL, however application of a heavier force caused more severe tooth mobility after its distalization. This phenomenon should not be ignored, because overloading may lead to undermining resorption, tooth root resorption, and even damage of the alveolar process. As demonstrated by Weiland, the reactions of premolar roots moved with nickel-titanium or stainless steel archwires with off-set bent may differ (17) . Weiland obtained statistically significantly greater tooth movement using a superelastic wire, however it was followed by a significantly greater number of root surface resorption spots, increasing from the cement-enamel junction towards the apex. It made possible the assumption that the forces exerted by the nickel-titanium wire (from 0.8 to 1 N), although significantly lower than those delivered initially by the stainless steel wire, were still too high in terms of biological response. Moreover, a continuous force of the superelastic wire might have inhibited the repair process normally occurring within the deactivation period related to the moving teeth with the stainless steel wire. Determining the range of forces effectively displacing the tooth without the excessive stress and strain of PDL is therefore very important, although difficult. The results obtained by Badran et al. (18) seem to be crucial for the assessment of the PDL reaction to orthodontic loading. The authors used the photoelastic model to investigate the stressstrain distribution during the alignment stage and found that braided and superelastic wires produced lower stress than nickel-titanium wires without superelastic properties. Nonetheless, it must be emphasized that those differences were minor, therefore irrelevant clinically, especially in terms of the wires of smaller diameter. Eventually, the study made it possible to determine the optimal orthodontic forces ranging from 20 to 100 g. The forces of activation play a role in the experimental analysis of the properties of the alloy, however are also of clinical importance, since the range of tooth displacement depends on the wire bonding ability. In our study, NeoSentalloy® round wires (groups 1ANeo and 1BNeo) provided higher forces than the rectangular ones (groups 2ANeo and 2BNeo) for the deflection range from 0 to −2.5 mm. Such results may be surprising, as it is commonly believed that round and thinner wires induce lighter forces than rectangular and thicker ones. The F dav values of round Titanol Superelastic® wires were optimal in both group 1ATitanol and 1BTitanol: they reached up to 88 and 81 g, respectively. The rectangular wires, group 2ATitanol and 2Btitanol, produced forces up to 200 and 334 g, respectively, which apparently exceeded those considered as optimal and 'safe' for the PDL. The round Copper NiTi® 35°C wires (groups 1ACopper and 1BCopper) produced clinically safe force values in the full range of deflection. However, it must be noted that the wires from group 1ACopper deflected within the range from 0 to −2.5mm, as well as those from group 1BCopper deflected within the range from 0 to −2.0mm, with delivered force values 4-19 g and 7.5-14 g, respectively. According to Melsen et al. (19) , such values (of 10-20 g) are considered suitable for the intrusion of incisors. However, a study from Arhus provides such data on the basis of movement with a segmented technique requiring no overcoming of friction. Therefore, it must be concluded that Copper NiTi® 35°C wires, regardless of the cross-section, as well as the rectangular NeoSentalloy® wires, deflected within the range from 0 to −2.5 mm, deliver clinically ineffective forces. Most of the research evaluating the forces delivered by orthodontic materials is conducted only in vitro. Our studies proved that the mechanical properties of orthodontic wires change under in vivo influence and, to some extent, in a predictable way. The oral cavity environment did not considerably affect the mechanical properties (force values) of the NeoSentalloy® and Copper NiTi® 35°C wires. Nonetheless, since a significant increase in the standard deviation of the forces delivered by Copper NiTi® 35 o C was noted, it may be stated that the properties of some wires from the tested sample changed unevenly. Subsequently, it is impossible to predict the overall behaviour of these wires and their clinical effect at the level of PDL. Moreover, the range of standard deviation also suggests that those wires influenced by the oral cavity environment may unexpectedly exert force greater than 150 g if deflected from −3.5 to −4 mm. Changes of the mechanical properties were particularly distinctive in the used rectangular Titanol Superelastic® (group 2ATitanol) wires. Their F dav values significantly decreased. Despite such a reduction, they still exceeded the optimal force values. On the other hand, new Titanol Superelastic® round wires (group 1BTitanol) induced forces close to optimal, but their long-lasting presence in the oral cavity ended up with an increase of F dav values, although they did not exceed the range of optimal ones. Unfortunately the question of which environmental factors of the oral cavity most influence the properties of orthodontic wires remains open. Resolving this issue may make possible a change in manufacturing as well as the clinical application of specific superelastic archwires. In our study, the in vivo conditions reliably displayed the temperature changes in short-term cycles typical for the oral cavity, which the orthodontic wires withstand or go through for 4-6 weeks. This may indirectly support the findings of Meling and Odegaard and Natrass et al., proving that changes in the mechanical properties of nickel-titanium alloys are considerably affected by repeating temperature changes (11, 12, 20) . According to those studies, the influence of higher temperatures on nickel-titanium wires is short-term while the cooling causes a long-term decrease of their F dav values: they may drop by as much as 85 per cent, and after 2 hours return to only 60 per cent of the original values. Moreover, repeating exposure to low temperatures may decrease the force induced by certain nickel-titanium wires; therefore this factor should certainly be taken into account during the levelling and aligning stages.
Regrettably, not only temperature affects the nickel-titanium alloys. The literature review provides evidence that bacteria living in the oral cavity may also be involved in this process. Laurent et al. (21) demonstrated that the presence of Actinomyces viscosus affects the corrosion resistance of the base metals. Therefore, the diverse changes in the F av or F dav values of used wires revealed in our study may occur due to both different compositions of the alloy and to differences in their production. However, the literature did not turn up any other studies evaluating the influence of dental plaque or its components on nickel-titanium wires, so the lack of data hinders further discussion.
The elastic properties of orthodontic wires may also be affected by electrochemical voltage occurring in the oral cavity, which was reported by Yokoyama et al. (13) . They found that the resistance to fracture of nickel-titanium wires significantly decreased, while the load causing martensitic transformation increased under the influence of long-acting current flow. Thus, they concluded that the oral cavity environment might increase fragility as well as change the elastic properties of nickel-titanium alloys. It must be stressed, however, that these were not in vivo studies, therefore for obvious reasons, they do not allow drawing clinically relevant conclusions. And again, insufficient evidence impedes the discussion on factors potentially altering the properties of the orthodontic wires, although it encourages further research.
Limitations
No calculations concerning effectiveness of in vivo aligning of analysed wires were made.
Conclusions
The oral cavity environment significantly changes the mechanical properties of nickel-titanium wires, namely, it modifies the values of their F dav .
For the purposes of the 4-6-week aligning stage, when the deflection of the archwire is the highest, the round NeoSentalloy® with a 0.016-inch diameter seems to be the wire of choice. The changes in its F dav are clinically irrelevant within this period, therefore the archwire may move the teeth efficiently while simultaneously producing little threat to periodontal support.
In general, the round archwires: the Titanol Superelastic®, NeoSentalloy®, and Copper NiTi® 35°C ones, with a diameter of 0.016 inches should be used in the aligning phase rather than the 0.016 × 0.022 inch wires.
Therefore, in order to provide reliability in NiTi archwires in vivo, controlled randomized trials should precede the mass production and commercial use of NiTi wires, which could distinctly improve the predictability of tooth movement during orthodontic treatment.
Generalization
The results obtained in this study can be generalized only to the wires present in the oral cavity over a period of 4-6 weeks.
Supplementary material
Supplementary material is available at the European Journal of Orthodontics online.
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